Short-range nonclassical electron-electron interaction is described by a density functional in a scheme that allows multideterminant wave functions. The parameter that determines the coupling with the configuration-interaction-type calculations can be chosen in a controlled manner. Results are presented for the He and the Be series using a Yukawa-type interaction. 0 1995 John Wiley & Sons, Inc.
Introduction

Ithough improving the density functionals
A as defined by Kohn and co-workers [1, 2] is certainly a very successful approach, one may alternatively consider the possibility of extending their theory to exploit the experience gained in wave-function calculations using multideterminant wave functions. The difficulty comes mainly from the problem of finding a proper separation between the contributions coming from the density functional and that which is due to the wave function. It seems physically sound to try to describe the short-range interaction of electrons by density functionals (e.g., the cusp condition) and to use wave functions for the long-range part (cf. the hydrogen molecule at large internuclear distances). This philosophy is also supported by practical point of view: It is known that short-range interaction leads to a slowly convergent expansion of the wave function in terms of Slater determinants (see, e.g., [3] ), whereas near-degeneracy effects can be well described with medium-sized basis sets [4] ).
There are several other approaches that relate configuration-interaction-type calculations with density-functionals . A comparison of different approaches can be found in [12] .
Theory
The existence of universal short-range densityfunctionals is most easily shown in the constrainedsearch formalism ( [14] , see also, [15] ). Let f be the operator for kinetic energy, and pee, that for the electron-electron interaction. Let further 9 : ' " be the antisymmetric wave function that minimizes (f + Pee) and yields the density n. Then, according to Levy [14] , the universal density functional needed for obtaining the ground-state energy is
With the classical electron-electron interaction, and with a:'", the single determinant that yields n and minimizes ( f ), the universal density functionals for exchange-correlation
.,"'" Ifla.,"'") + (@.,"'"lVeel@.,"'")) and correlation can be defined.
The last two formulas can be modified to define universal short-range functionals. One can split pee into a short-range (P,) and a long-range (Vl) part (cf. [8] ):
For example, P, can be chosen of the Yukawa type: e-wr,
One then can define as universal density functionals for short-range exchange-correlation
or for short-range correlation only:
+ @.,"'"IPS:,@.,"'")).
These formulas have been obtained by replacing the operator f by the operator f + Pl. Here, @Fin,'
is the antisymmetric wave function that yields n and minimizes (f + v~) .
By this choice, it is possible to introduce a multideterminant wave function instead of a single-determinant one (a,"'"). With 
where n ( @ ) means that the density is determined via the wave function CP and veXf is the external potential. @ria should be determined according to the definition above by using the standard Kohn-Sham equations [2] . It is possible to use the coupling-constant integration (adiabatic connection, see, e.g., [16] ) in order to obtain more insight into the functionals E,,,,[n] and Es,,[n]. The formulas are obtained with the Hamiltonian
where V ( g ) is a one-particle operator that contains the external potential and guarantees the conservation of n during the process of changing the parameter g(0 5 g 5 1). Formulas similar to those for Ex,[n] and E,[n] can be then easily obtained. For example:
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PZ ( r I, r2; g ) is the second-order density matrix [17, 18] .
The choice of vs allows a continuous switch between pure density functional and configuration interaction calculations. For that given in Eq. (l), this amounts to changing p from zero to infinity.
As for E,, [n] and E,.
[n], the short-range functionals can be obtained in an approximate form, the simplest one being the local one:
.I
where i stands for any of xc, c, s,xc, or s,c. e l ( n ) is a function depending on the density alone. A convenient way to determine the ei is by using homogeneous electron gas calculations. Some details are given in the Appendix.
The local approximation with the electron gas fit has been tested for a few two-electron systems (the He series and the Be series; pseudopotentials have been used for the latter).
Computational Details and Results
The calculations were performed using large Gaussian-type ( s , p , d ) basis sets [19] for the He series (He to C4+) and the Be series (Be to 04+). The number of variational parameters was reduced by contracting the Gaussians to the first 3s,2p,ld natural orbitals (as in [20] ). The semilocal pseudopotentials for the Be series were taken from For two-electron systems, @:In is easily obtained from the densities; its spatial part is simply were done self-consistently. At least for the systems studied, the error is small when using n and Q, from the E , ,( calculation for obtaining the energy with the density functional for Es,< alone.
The difference between the value calculated in the local density approximation for es and the "exact" values ( [24] for the He series, and the full configuration interaction results for the Be series) is presented in Figures 1 and 2 . There is a systematic shift of the curves with the change in the nuclear charge. This is related to the fact that l/,u corresponds to an effective interaction radius, which, of course, becomes smaller within an isoelectronic series with increasing Z . The values for p = 0 correspond to usual local density calculations. An increase of the Yukawa exponent p in the vicinity of zero always leads to a decrease of the magnitude of the error. After a certain value of p, po, the errors remain small (of the order of lop3 Hartree). po seems to be smaller with exchange-correlation density functionals than for those for correlation only, even when the error at p = 0 (usual local density approximation) shows the opposite trend. This might be related to the damping of the long-range effects in the homogeneous electron gas (see, e.g., 1251) when correlation and exchange are treated together. Another explanation might be the difference in the sizes of the exchange and correlation holes (the latter being smaller needs a larger p). approximation has to be switched off completely in order to force the energy error down. At the value of the Yukawa exponent where the energy reaches practically the exact value, there still is a significant density functional contribution. Figure 3 shows a comparison of the local approximation error with the density functional contribution taking the He atom as an example. Clearly, the error drops down faster than does the density functional contribution.
Conclusions
The use of short-range density functionals leads to encouraging results in two-electron systems, even when using the local density approximation. One might use this in order to have a controlled improvement of the calculated energy. In practice, one might either rely on experience for choosing the optimal p or examine the stability of the obtained result with respect to changes in p.
Further calculations have to study systematically the convergence in the wave-function expansion in terms of Slater determinants in connection with the present schemes. It will be also useful to explore other definitions of c, . For calculations with Gaussian basis sets, the form e~p(-pr?~)/r12 might be preferable. Further consideration should be given to more sophisticated forms of the density functionals (depending on the gradient, spin-polarization, or second-order density matrix).
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